Japanese encephalitis virus (JEV), one of encephalitic flaviviruses, is naturally transmitted by mosquitoes. During infection, JEV generally enters host cells via receptor-mediated clathrindependent endocytosis that requires the 70 kDa heat-shock protein (Hsp70). Heat-shock cognate protein 70 (Hsc70) is one member of the Hsp70 family and is constitutively expressed; thus, it may be expressed under physiological conditions. In C6/36 cells, Hsc70 is upregulated in response to JEV infection. Since Hsc70 shows no relationship with viruses attaching to the cell surface, it probably does not serve as the receptor according to our results in the present study. In contrast, Hsc70 is evidently associated with virus penetration into the cell and resultant acidification of intracellular vesicles. It suggests that Hsc70 is highly involved in clathrin-mediated endocytosis, particularly at the late stage of viral entry into host cells. Furthermore, we found that Hsc70 is composed of at least three isoforms, including B, C and D; of these, isoform D helps JEV to penetrate C6/36 cells via clathrin-mediated endocytosis. This study provides relevant evidence that sheds light on the regulatory mechanisms of JEV infection in host cells, especially on the process of clathrin-mediated endocytosis.
INTRODUCTION
Endocytosis is a physiological process by which molecules translocate from outside into the intracellular environment of eukaryotic cells (Conner & Schmid, 2003) . In most cases, the formation of clathrin-coated vesicles (CCVs) is necessary for endocytosis, specifically clathrin-mediated endocytosis, serving as the endocytic portal into cells (McMahon & Boucrot, 2011) . Generally, molecules are packaged into vesicles with the aid of a clathrin coat, followed by a sequence of ligand attachment, invagination, bud formation and fission (Ungewickell & Hinrichsen, 2007) . The efficiency of this process is increased when receptors for extracellular molecules to be internalized are located at the clathrin-coated pit (CCP), which has been implicated as the major site of internalization for receptor-bound ligands (Anderson, 1989) from which free CCVs are released into the cytosol (Rappoport et al., 2004) . In turn, the receptor-mediated endocytosis of extracellular molecules requires the involvement of clathrin that is highly dynamic and can be recycled after each round of endocytosis (McMahon & Boucrot, 2011; Merrifield et al., 2005) .
The infection of host cells via clathrin-mediated endocytosis has been extensively utilized by a variety of viruses including vesicular stomatitis virus (Sun et al., 2005) , hepatitis C virus (Blanchard et al., 2006) , hepatitis B virus (Cooper & Shaul, 2006) , respiratory syncytial virus (Gutiérrez-Ortega et al., 2008) , human immunodeficiency virus (Daecke et al., 2005) and Ebola virus (Bhattacharyya et al., 2010) . Orthobunyavirus, one of the encephalitic arboviruses, reportedly infects mammalian host cells via clathrin-mediated endocytosis as its primary mechanism (Hollidge et al., 2012) . This mechanism for infecting host cells is also implemented by various mosquito-borne flaviviruses (Acosta et al., 2008; Chu & Ng, 2004) . Among them the Japanese encephalitis virus (JEV), which infects host (either mammalian or mosquito) cells via receptor-mediated endocytosis (Andoh et al., 1998; Nawa, 1998) , has also been confirmed to be clathrindependent (Chai et al., 2013; Yang et al., 2013) , except for certain unusual cases (Kalia et al., 2013) .
Although the mechanism is sophisticated, clathrinmediated endocytosis requires the involvement of the 70 kDa heat-shock protein (Hsp70) (Chang et al., 2002) . The Hsp70 family includes Hsp70 and Hsc70, which are molecular chaperones with critical roles in protein folding and trafficking in all eukaryotic cells (Takayama et al., 1999) . They may also help to protect cells from a wide array of stresses like elevated temperature and infection (Morano, 2007) . Within the Hsp70 family, Hsp70 genes are usually inducible whereas Hsc70 genes are mainly constitutive and usually expressed in the absence of stress (Yamashita et al., 2004) . Hsc70s are highly conserved in structure from prokaryotes to eukaryotes (Boorstein et al., 1994) . In general, Hsc70 can be involved in folding/ unfolding and assembly/disassembly of macromolecular structures (Elefant & Palter, 1999; Jiang et al., 2005) as well as anti-apoptotic activity (Powers et al., 2008) . Thus, Hsc70 expression is usually beneficial for cells by resisting injury under conditions of minimal stress (Sens et al., 1997) .
Among viruses using clathrin-dependent endocytosis as the entry mechanism for infecting host cells, the influenza virus M1 protein is known to bind Hsc70 and is required for the efficient production of the virus in infected cells (Watanabe et al., 2006) . Hsc70 also plays a role in outer capsid disassembly during cell entry by reoviruses (Ivanovic et al., 2007) , further indicating that HSc70 helps the virus to infect host cells and successfully replicate via interaction(s) with viral protein(s). In rotaviruses, the Hsc70 protein interacts with the viral VP5 at a post-attachment step during viral entry (Zárate et al., 2003) . Even in mosquito cells, a 74 kDa protein likely to be Hsc70 that binds JEV was identified from uninfected C6/36 cells based on an analysis with a co-immunoprecipitation (Co-IP) assay and mass spectrometry (Ren et al., 2007) . Meanwhile, Hsc70 is also one of the proteins interacting with dengue virus type 2 (DENV-2) in the membrane fraction, suggesting that it may function to concentrate viral particles and allow efficient interactions between primary receptors and the virus on the cell surface (Paingankar et al., 2010) . Accordingly, it was proposed that Hsc70 may play a role as a penetration receptor that mediates JEV entry into C6/ 36 cells (Ren et al., 2007) . Nonetheless, the function of Hsc70 is still ambiguous and remains to be clarified for the detail.
Based on an expressed sequence tag (EST) library previously established in our lab (Chen et al., 2011) , a significantly higher number of Hsc70 gene copies were found in DENV-2-infected C6/36 cells. In addition, Hsc70 was further confirmed to be responsive to JEV infection in C6/36 cells according to a follow-up preliminary study. Therefore, the purpose of this study was to investigate in detail how significant this protein is in JEV infection of C6/ 36 cells. More importantly, we further identified specific Hsc70 isoforms in this study and elucidated their different roles in the process of JEV infection of mosquito cells.
RESULTS

Expression of Hsc70 is required for JEV infection of C6/36 cells
Using the semiquantitative reverse transcriptase RT-PCR Hsc70 was repeatedly shown to be upregulated at 12 h post-infection (p.i.) at the mRNA level in C6/36 cells infected by JEV (m.o.i. of 5) (Fig. 1a) . Meanwhile, quantitative (qRT-PCR) revealed Hsc70 RNA levels increased by 1.6-fold (Fig. 1b) . According to the result of Western blot analysis, expression of Hsc70 was also slightly increased at the protein level (Fig. 1c) . Through RNA interference (RNAi) derived from a microRNA-based system, approximately 21 % Hsc expression was revealed by qRT-PCR compared with that detected from cells without knockdown of Hsc70 protein (Fig. 2a) . The lower level of the Hsc70 was also shown in Hsc-knockdown C6/36 cells according to the result from semiquantitative RT-PCR (Fig.  2b) . In the meantime, decreased expression of the Hsc70 protein can clearly be seen in the result from the Western blot analysis in Hsc70-knockdown cells compared with controls (Fig. 2c) . Upon gene knockdown in C6/36 cells, intracellular viral RNA assessed by RT-PCR was clearly detectable as early as 6 h p.i. in cells without Hsc70 knockdown but not until 12 h p.i. in cells with Hsc70 knockdown (Fig. 3a) . Likely, the virus entered the cells earlier when Hsc70 was not knocked down, implying this chaperone may be essential for JEV entry into mosquito cells. The profile of viral infection in such cells was further monitored by immunofluorescence assay (IFA) with antibodies against the viral NS3 protein during the infection, showing a large proportion of cells were eventually infected by JEV at 6 h p.i. in C6/36 cells without the knockdown of Hsc70 (C6/36 or miN). However, the viral NS3 protein was evidently reduced in Hsc70 knockdown cells (Fig. 3b) (Fig.  4b) . In contrast, less viral E antigen appeared in cell cytoplasm with Hsc70 knockdown when those cells were incubated at 28 u C (Fig. 4b ) compared with controls. Measurement by qRT-PCR revealed that the amount of intracellular viral RNA was significantly decreased to a level of~60 % in Hsc70-knockdown cells when incubated at 28 u C (P,0.05, Student's t-test), however, it did not change at 4 u C (Fig. 4c ). It suggests that JEV penetration into, but not binding onto, C6/36 cells is highly regulated by Hsc70. 
Hsc70 is involved in the endocytosis of JEV by C6/ 36 cells
Texas red conjugated with avidin (avidin-TR) was used as an endocytosis tracer to confirm the role of Hsc70 during endocytosis in C6/36 cells with or without a knockdown of Hsc70 when incubated at 28 u C. Results showed that tracercontaining vesicles appeared in the cells of controls (C6/36 and miN groups) after exposure to the tracer for 1 min compared with Hsc70-knockdown cells (Fig. 5a ). This suggests that tracer internalization during the entry stage was closely associated with the involvement of Hsc70. In C6/ 36 cells inoculated with JEV to replace the treatment with the tracer, vesicles formed in response to viral inoculation were easily detected by the assay for cellular uptake of the endocytic tracer at the initial step, i.e. 0 min postinoculation, in all groups. However, vesicles were not shown in control group cells but remained as vesicle-like structures in cells with Hsc70 knockdown at 30 min post-inoculation (Fig. 5b ). This implies that Hsc70 is important for viral particles taken-up by the cell to form and particularly to escape the virus-containing vesicles or endosomes that are usually formed in response to infection by the virus.
Formation of acidified endosomes in C6/36 cells is dependent on Hsc70
The acidification of virus-containing endosomes is an essential step in virus un-coating for releasing the viral genome into the cytoplasm for replication. This can be demonstrated by staining using acridine orange (AO), a fluorescent dye that shows orange in colour for the newly formed acidified vesicles or endosomes after endocytosis. The results showed that acidified vesicles were prevalent in control group cells (C6/36 and miN), whereas they were dramatically reduced to a relatively low level in cells with Hsc70 knockdown (Fig. 6 ), suggesting that efficient endocytosis of JEV in C6/36 cells is highly regulated by Hsc70. (Fig. 7) . This indicates that clathrin is normally dissociated from CCVs for recycling, likely back to the plasma membrane in C6/36 cells infected by JEV. It creates an advantage for viral RNA to release from the formed CCVs. In contrast, CCVs may be retained and gradually accumulated in the cytoplasm, blocking the formation of more endosomes containing ingested viral particles due to the knockdown of Hsc70 in C6/36 cells.
JEV infection of C6/36 cells is decided by the specific Hsc70 isoform
Based on the sequences of Hsc70 from Aedes albopictus (C6/36 cells), three isoforms (B, C and D) were identified in this study. Their nucleotide sequences were retrieved from the database in NCBI by accession numbers C6/36 miN miHsc70 (Fig. 8) .
Using dsRNA to knock down individual Hsc70 isoforms (Fig. S1 , available in the online Supplementary Material), the expression of viral RNA within the cell was apparently delayed and did not appear until 12 h p.i. in cells with knockdown of Hsc70 isoform D (Fig. 9) . Since the efficiency of JEV binding to C6/36 cells did not show significant difference (Fig. 10a) , there seem to be different effects among the Hsc70 isoforms in C6/36 cells in response to JEV infection. In contrast, virus penetration efficiency was significantly reduced to ,38 % in cells with knockdown of Hsc70 isoform D compared with those without knockdown. A minor effect was also shown in the isoform B knockdown group while no influence can be attributed to isoform C (Fig. 10b) . Statistically, the effect of isoform D on virus penetration was significantly higher than other isoforms, particularly C (P,0.05, Student's t-test). Using AO staining, acidified vesicles formed in JEV-infected C6/36 cells were repeatedly shown to be significantly reduced when Hsc70 isoform D was knocked down (Fig. 11 ). This further demonstrated that Hsc70, particularly the isoform D, may A minor effect was also shown in the group with isoform B knockdown, but no effect was observed on the isoform C.
play a major role in regulating the clathrin-mediated endocytosis of JEV in C6/36 cells.
DISCUSSION
JEV is one of the important encephalitic flaviviruses transmitted by Culex mosquitoes (Endy & Nisalak, 2002) . Morphologically, these viruses are enveloped outside the nucleocapsid and thus usually infect cells through receptordependent endocytosis (Lindenbach & Rice, 2003) . Increasing evidence reveals that receptor-dependent endocytosis may be mediated by clathrin, which is regularly distributed over the cell surface (McMahon & Boucrot, 2011) . In past decades, the entry of JEV into host cells, either mammalian or mosquito, was demonstrated to be significantly influenced by treatment with bafilomycin A1 (Andoh et al., 1998; Nawa, 1998) . In fact, a number of flaviviruses like West Nile virus (Jiang et al., 2005) , DENV (Acosta et al., 2008) and JEV (Chai et al., 2013) , have been known to infect host cells via this pathway. Furthermore, the cationic amphiphilic drug chlorpromazine can interfere with the entry process (Chai et al., 2013; Nawa et al., 2003) , revealing that the mode of infection is receptormediated endocytosis and is clathrin-dependent. In a study conducted with Co-IP followed by protein identification with MS, Hsc70 was found to exist on the plasma membranes of C6/36 and Vero cells (Ren et al., 2007) , implying that Hsc70 may be important in receptor-dependent endocytosis. It is further presumed that Hsc70 might be one component of the receptor for rotaviruses infecting animal intestinal cells because Hsc70 levels increase after infection and form a complex with integrin avb3 in the lipid raft microdomains of the cytoplasmic membrane (Guerrero & Moreno, 2012) . Since JEV and Hsc70 proteins co-localize and attach to the surface of C6/36 cells, this molecule has been proposed to serve as the receptor for JEV entry into host cells (Ren et al., 2007) .
Nevertheless, we found that Hsc70 was upregulated at both the mRNA and protein level in C6/36 cells when infected by JEV for 12 h. We have also found that Hsc70 was constitutively expressed in the nucleus and was transported to the cytosol in C6/36 cells in response to JEV infection (data not shown). Hsc70 is a chaperone molecule that can be induced under stressful conditions in relation to environmental or physiological changes (Hartl, 1996) . Our results reveal that Hsc70 is actually important and may be involved in JEV infection of C6/36 cells, particularly at the early phase when internalization by endocytosis usually occurs. In the present study, JEV infection was reduced in Hsc70-knockdown cells, indicating that Hsc70 was required for JEV to infect C6/36 cells successfully. However, our results clearly showed that Hsc70 had no effect on JEV attachment to the cell surface, suggesting that this molecule possibly does not serve as the receptor or as a component during the initial stage of viral entry into host cells.
As mentioned above, clathrin-mediated endocytosis is reported to be the major route of cell entry for flaviviruses (Ishak et al., 1988; Ng & Lau, 1988) , except for a few cases showing cell-type dependence (Kalia et al., 2013) . When JEV enters host cells, the viral antigen can be detected as aggregates in CCVs or early endosomes only when Hsc70 has been knocked down in C6/36 cells. We have observed that the proton pump V-ATPase that functions to acidify intracellular vesicles and early endosomes is expressed at the time of infection by JEV in C6/36 cells (Chai et al., 2013) . Herein, the number of acidified vesicles was reduced within Hsc70-knockdown cells, indicating that complete endocytosis of JEV in C6/36 cells is highly regulated by Hsc70. As a matter of fact, the luminal acidification of endosomes is usually essential for viruses infecting host cells via receptormediated endocytosis (Maxfield & Yamashiro, 1987) . This finding indicates that internalized JEV particles might be retained inside CCVs, which proceed to complete clathrinmediated endocytosis upon the involvement of Hsc70 in C6/ 36 cells. This phenomenon can also be demonstrated by virus titres that were usually lower in Hsc70-knockdown cells due to incomplete endocytosis after virus particles were internalized. It seems that Hsc70 catalyses CCVs at the final step of receptor-mediated endocytosis (Newmyer & Schmid, 2001) ; from which receptors and clathrin may be recycled back to the plasma membrane for further rounds of endocytosis (Lemmon, 2001) . As the clathrin-mediated endocytic machinery can be hijacked by viruses (Lin & Guttman, 2010) , upregulation and relocalization of Hsc70 is likely required for clathrin recycling during the entry of C6/ 36 cells by JEV. More specifically, JEV endocytosis includes viral binding, penetration and uncoating; of which Hsc70 in C6/36 cells is believed to be more important in completing the last step (i.e. uncoating). dsHsc70B dsHsc70C dsHsc70D C6/36 Fig. 11 . Hsc70 isoform D is the one specifically involved in the formation of acidified vesicles in C6/36 cells during JEV infection. After staining using AO in JEV-infected C6/36 cells, the formation of acidified vesicles (orange) was reduced in Hsc70 isoform D. However, no change was evident in cells with knockdown in isoforms B and C.
Hsc70D in clathrin-dependent endocytosis of JEV Hsc70 has been identified from various organisms including insects (Rybczynski & Gilbert, 2000) and is evolutionarily conserved across species (Gupta & Golding, 1993) . Despite its similarity across many taxa, Hsc70 is diverse in its functions (Takei & Haucke, 2001; Zhao et al., 2009) . In the mosquito Aedes aegypti, Hsc70 isoform B is differentially expressed in response to treatment with heat shock (Nirdé et al., 2010) ; however, it was identified in an immune response-activated haemocyte library derived from the mosquito Armigeres subalbatus (Bartholomay et al., 2004) . The increased expression of Hsc70 has also been shown in Anopheles gambiae when infected by the o'nyong-nyong virus (ONNV) (Sim et al., 2005) . This suggests that this molecule eventually can be induced by infection as shown in the present study. Herein, three isoforms (B, C and D) of Hsc70 have been identified in C6/ 36 cells. Of them, isoform D was especially increased in response to JEV infection in C6/36 cells, implying that this specific isoform of Hsc70 is highly responsive to viral infection. Moreover, we also demonstrated that Hsc70 isoform D did not affect the attachment of JEV onto the cell surface but does regulate the efficiency of virus penetration into host cells. Perhaps the regulation of Hsc70 upon the acidification of the endosome lumen is selectively executed by the isoform D. Despite this, Hsc70 isoform B in Anopheles gambiae shows a negative effect on the replication of ONNV (Sim et al., 2007) . This further indicates that the isoforms of Hsc70 induced by virusinfected mosquito cells may be different and thus function differently in infected cells. However, it remains to be confirmed if Hsc70 also plays a similar role in mammalian cells as only Hsp70 in the Hsp70 family was identified to be required for JEV entry into Huh7 cells (Zhu et al., 2012) .
Taken together, these results suggest that Hsc70, particularly isoform D, in C6/36 cells is required for JEV entry into the cell. It mostly functions at the late stage of clathrinmediated endocytosis, helping virus penetration into host cells and RNA release from internalized viral particles within CCVs or endosomes for replication. This report provides a useful model and evidence that may account for the mechanism of JEV infection of C6/36 cells under regulation by a selective form of Hsc70, namely isoform D.
METHODS
Viruses and cell lines. The T1P1 strain of JEV was used in this study. It was propagated in C6/36 mosquito cells and titrated in baby hamster kidney (BHK-21) cells (kindly provided by Dr C. C. King, National Taiwan University) by means of a plaque assay following the methods of Chiou et al. (2005) . The calculation of virus titres was based on the number of formed plaques, which was expressed as p.f.u. ml
21
. Procedures for culturing both cell lines were described by Chiou et al. (2005) .
Virus detection by reverse-transcriptase (RT)-PCR. To detect viral RNA, total RNA was extracted from cells with or without infection by JEV and applied to an RT reaction with reverse primers at 42 uC for 30 min to generate the cDNA. PCR cycling was then carried out to amplify the gene fragment during 25 cycles at 95 uC for 30 s, 60 uC for 30 s and 72 uC for 1 min (Chuang & Chen, 2009 To detect Hsc70 gene transcripts, total RNA was extracted from cells with or without infection with JEV (m.o.i. of 5) at 12 h p.i. Subsequently, 4 mg RNA was subjected to reverse transcription with random primers at 42 uC for 1 h. One microlitre of the generated cDNA mixture was then used in the PCR with the primer pair consisting of Hsc70 ORF-1F: 59-ATGGCCAAGGCACCAGCAGTC-GG-39 and Hsc70 ORF-714R: 59-CACCAATCGGTTGTCGAAGTC-CTCA-39 under conditions described by Chuang & Chen (2009) . The PCR product generated for the specific fragment of Hsc70 was 714 bp. On the other hand, primer pairs used to amplify gene fragments for specific Hsc70 isoforms (B, C and D) are listed in Table  S1 . Total protein was extracted from cells as described by Shih et al. (2010) and separated on 10 % acrylamide gel and analysed by Western blotting using mouse anti-Hsc70 antibody in a dilution of 1 : 2500 (Abcam), while actin was used as the internal control.
Construction of the Hsc70-knockdown vector pmiHSC70.
Construction of the Hsc70 knockdown vector followed the protocol described in the BLOCK-iTTM Pol II miR RNAi Expression Vector kit manual (Invitrogen). Briefly, a 20 ml annealing reaction containing 5 ml miHsc70 top strand (200 mM) (59-TGCTGAACACACCGAC-GCAACTGTAGGTTTTGGCCACTGACTGACCTACAGTTGTCGGT-GTGTT), 5 ml miHsc70 bottom strand (200 mM) (59-CCTGAAC-ACACCGACAACTGTAGGTCAGTCAGTGGCCAAAACCTACAGT-TGCGTCGGTGTGTTC-39), 2 ml 106 annealing buffer and 8 ml DNase/RNase-free water was incubated at 95 uC for 4 min and cooled to room temperature for 5-10 min to produce a double-stranded miHsc70 olignucleotide sequence. The miHsc70 was then ligated to a micro RNA cassette in the pcDNATM6.2-GW/EmGFP-miR vector. Subsequently, EmGFP and the miHsc70 cassette were amplified by PCR with the specific primer pair (EcoRI-mi-F 59-AAAGAATT-CCTAGTTAAGCTATCAACAAGTTTG-39 and mi-R-NotI 59-TTTG-CGGCCGCATCAACCACTTTGTACAAGAAAG-39). The PCR product was subsequently inserted into the pAC5.1-A-neo vector to form the pmiHSC70 plasmid. A non-related oligonucleotide pair (provided with the purchased kit) or the oligonucleotides specific to the luciferase gene were used as the negative control, pmiN. Gene transcripts and proteins extracted from pmiHSC70 or pmiN-transfected cells were subjected to RT-PCR and Western blot analysis to verify the knockdown efficiency of the Hsc70 gene.
Transfection procedure of the pmiHSC70 plasmid. Transfection of the pmiHSC70 plasmid was carried out in C6/36 cells. After the monolayer of mock C6/36 cells was formed in wells of the six-well plate, they were washed with serum-free minimal essential medium (MEM). Before transfection, the plasmid-transfection reagent mixture was prepared with 1 mg pmiHSC70 plasmid and 4 ml FuGENE HD Transfection Reagent (Roche) in serum-free MEM in a final volume of 100 ml. After incubation at 25 uC for 15 min, a volume of 900 ml of serum-free MEM was added. The mixture was then applied to the monolayer of cells in each well of the plate and incubated for 5 h at 28 uC. After transfection, these cells were resuspended with fresh MEM and seeded on coverslips or six-well plates for further observation.
Construction of the clathrin light chain RFP overexpression vector. A cDNA mixture derived from C6/36 cells was used as the template to perform a PCR with the primer pair designed from the known Aedes clathrin light chain (ORF-1F: 59-ATGGACGCATTC-GGCGATG G-39 and ORF-End: 59-TTAGACCTTTTTGCTGGTC-GAGATC-39) to produce the full-length sequence of the clathrin light chain ORF. The PCR product was then inserted into the expression vector pAC5.1-A-RFP-neo mentioned above.
IFA. Harvested C6/36 cells were fixed with 4 % paraformaldehyde in PBS for 20 min at 25 uC, permeabilized with Triton X-100 for 2 min at 25 uC and treated for blocking in 3 % BSA in PBS overnight. Subsequently, cells were incubated with the primary mouse anti-NS3 antibody (Yao-Hong Biotechnology) at a concentration of 1 : 3000 or 4G2 antibody (for viral E protein; 1 : 200) (provided by Dr S. S. Chiou, National Chung Hsing University) at 37 uC for 1 h. Cells were then washed with PBS three times (5 min each time) followed by further incubation with goat anti-mouse IgG (red-fluorescent Alexa Fluor 594; Invitrogen) at 1 : 500 concentration as the secondary antibody at 37 uC for 1 h. Imaging results were photographed under a Lasar scanning confocal microscope (LSM510; Carl-Zeiss).
Assays for virus binding and penetration. C6/36 cells were first seeded on coverslips or each well of the six-well plate to form the monolayer, on which JEV was inoculated at an m.o.i. of 50 and incubated at 4 uC for the binding assay or 28 uC for the penetration assay for 1 h. Cells were then washed three times with cold PBS, seeded onto the coverslip and fixed with 4 % paraformaldehyde in PBS for 20 min at 25 uC. In the penetration assay, cells had an extra treatment with Triton X-100 for 2 min at 25 uC to increase the permeability of the cell membrane. An IFA was then carried out with 4G2 antibody (1 : 200). In addition, cells seeded on six-well plates were directly lysed in Tri-Reagent (Invitrogen). Total RNA was then extracted and subjected to qRT-PCR according to Lin et al. (2007) to quantify the size of the viral genome. To test for the effects of specific Hsc70 isoforms, the JE virus used for inoculation was set to infect cells at an m.o.i. of 20 for 24 h. The target viral NS1 gene fragment was amplified with a primer pair that included forward (59AAGGA-AGGCGTGTGC GGAGTC) and reverse primers (59CCACGGGCTT-GTTCACAACCAC).
Assay for cellular uptake of the endocytic tracer. C6/36 cells in culture were incubated with MEM media containing 0.2 mg avidinTexas red ml 21 (avidin-TR; Invitrogen) for 1 min at 28 uC. Cells were then washed with PBS and fixed with a mixture of 4 % paraformaldehyde and PBS at 4 uC for 20 min. Results were observed under a fluorescence microscope at an excitation wavelength of 633 nm.
Detection of intracellular acidified vacuoles by AO staining. To detect intracellular acidified vacuoles, C6/36 cells in culture were treated with AO-diluted PBS (6 mg ml 21 ) (Sigma-Aldrich) and incubated at 28 uC for 15 min. After PBS washing, cells were fixed with a mixture of 4 % paraformaldehyde and PBS at 4 uC for 20 min. Results were visualized with a fluorescence microscope at an excitation wavelength of 460 nm.
Knockdown of Hsc70 isoforms with synthesized dsRNA. A MEGAscript RNAi kit (Ambion) was used to synthesize dsRNA to knock down specific isoforms of Hsc70 (B, C or D). The procedure is briefly described as below. T7 promoter-target gene primers were designed and used to amplify T7-Hsc70 isoforms B, C and D sequences by PCR. The sequences selected for dsRNA to knock down corresponding isoforms are shown in Fig. S2 . Reagents consisting of 2 ml 106 T7 reaction buffer, 2 ml ATP, CTP, UTP, T7 enzyme mix and 2 mg PCR products were added into a new microtube to a final volume of 20 ml and incubated at 37 uC overnight. After in vitro transciption, 5 ml 106 digestion buffer and 2 ml RNase were added to the microtube containing newly synthesized dsRNA. The final volume was adjusted to 50 ml by adding an appropriate amount of DEPCtreated water and incubated at 37 uC for 1 h. To purify the digested dsRNA, 50 ml 106 binding buffer, 150 ml DEPC water and 250 ml 100 % alcohol were added into the microtube and gently mixed. A total volume of 500 ml of the mixture was subsequently added to the filter tube, centrifuged at 14 000 r.p.m. with Eppendorf Centrifuge 5415C for 2 min, washed twice, and then centrifuged at 14 000 r.p.m. for 30 s. Finally, 100 ml elution buffer pre-warmed at 95 uC was added to the filter tube and incubated at 65 uC for 5 min, followed by centrifugation at 14 000 r.p.m. for 2 min. Another 100 ml elution solution was added and the previous step repeated for a total of 200 ml of the dsRNA elution solution and then its concentration was determined. Primers for synthesis of dsRNA specific to Hsc70 isoforms B, C and D are shown in Table S2 while those used to confirm the efficiency of gene knockdown by RT-PCR are listed in Table S3 .
Statistical analysis. The difference in virus penetration efficiency was calculated by comparing the rate of two target groups using a Student's t-test at the 5 % level of significance.
